Textron Lycoming of Stratford, Connecticut is incorporating the latest in advanced technology into turboshaft and turboprop engines for near term commercial service. The level of cold section technology being incorporated is the already demonstrated next generation of axi-centrifugal compressor beyond that which was developed for the U.S. Army T800, 0.9 MW turboshaft engine in the late 1980s. The compressor evolution is given special emphasis. The hot section technology is a robust, simplified, low cost, commercial endurance derate of the tri-service; US Army, US Navy, US Air Force and Textron Lycorning joint core engine [1] now on test. The new 2 MW commercial engine has substantially reduced fuel consumption, is lighter, and is smaller than today's best engines. Engineering development is now underway and certification is slated to be completed in 1996.
INTRODUCTION
The open Brayton cycle gas turbine engine has been a practical flight propulsion engine for fifty years. The gas turbine engine became sufficiently lightweight, compared to the power it could deliver, to be able to lift itself, the fixed-wing airframe, its own fuel and a small payload into powered flight. A decade later, after further performance gains, turboshaft engines were being employed as the preferred helicopter engine. The following three decades saw turboshaft and turboprop engines evolve that enabled important operational gains in both payload and range. By the mid 1980s turboshaft helicopters and turboprop powered fixed wing aircraft were in extensive military and highly competitive commercial use worldwide.
Alter certification testing is completed in 1996, the new 2 MW turboshaft engine will push the payload and range capabilities beyond any current engine in its class. Specific weight and fuel economy will both be considerably enhanced. Engine fuel economy gains will provide the greatest increase in payload and range. The fuel economy can also be used to move the same payload over the same range as today's engines but perform the payload move at reduced fuel cost and reduced cost per passenger mile, or per ton mile. As engine thermodynamic cycle efficiency increases, fuel consumption decreases. Thermodynamic efficiency of current engines is plotted [2] in Figure 1 . The highest thermodynamic efficiency in currently available engines in the 2 MW power class is thirty percent. The new 2 MW turboshaft engine has thirty-six percent thermodynamic efficiency. The six point improvement means twenty percent less fuel is burned delivering the same power.
Figure 1 -Thermodynamic Efficiency
A more commonly used measure of flight engine performance, more common than cycle efficiency, is specific fuel consumption (SFC). As engine performance is improved the thermodynamic efficiency increases whereas SFC decreases. SFC is the fuel consumption flow rate divided by the delivered shaft power. Both parameters, fuel flow and shaft power, are measurable during engine testing. The SFC of the best of the currently available 2 MW power class engines is 0.28 kg fuel per kilowatt hour. The SFC of the new 2 MW turboshaft engine is 0.23 kg/kW hr. Lower engine SFC directly benefits the aircraft operator. Fuel is saved. The fuel savings is proportional to the SFC reduction and magnified by the distance flown. The longer the mission radius, the greater the fuel savings. For example, the fuel weight at takeoff in a twin-engine aircraft of 4 MW rated total power and operational range of 400 kilometers is reduced by thirty-five percent. Twenty percent is due to the reduced fuel consumption and fifteen percent is due to the reduced take-off gross weight resulting from both the smaller fuel quantity on board and concomitantly on the lighter engines.
Reduction in fuel consumed by the new 2 MW engine is important, perhaps the most important parameter in engine performance. However, the new 2 MW engine also has substantial improvements in specific weight and specific power. Specific weight of current engines is plotted [2] in Figure 2 . The specific weight of the new 2 MW engine is nearly ten kilowatts per kilogram of engine weight. Current capability is about seven kilowatts per kilogram. Specific power is also improved to over 400 kilowatts per kilogram of engine inlet airflow from 300 kW/kg currently.
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Figure 2 -Specific Weight
The description of the engine configuration that provides these improvements in SFC and specific power and specific weight follows. The cold section technology evolution is traced through the axial-centrifugal compressor development and the hot section is described in its current configuration which is a considerable departure, and many faceted improvement, over the turboshaft and turboprop engines available heretofore.
COMPRESSOR
The new 2 MW engine compression system has three axial compression stages and one centrifugal stage. All stages are fully optimized for aerodynamic efficiency using three dimensional, viscous, computational fluid dynamics (CFD) computer codes. The overall CR) code capability has been pioneered at Textron Lycoming to include viscous 3D centrifugal flow analysis in conjunction with similar analysis previously employed in axial compressor and axial turbine design work.
The axial-centrifugal compressor also features advanced secondary flow and leakage flow control via wire brush seals between each stage to provide the new engine with lower stage to stage leakage losses due to recirculation. Leakage is much less for brush seals than for the commonly used lead and labyrinth toothed seals. In addition, as the engine accumulates high hours of operation the brush seal does not deteriorate, as do the lead and labyrinth seals which increase in leakage and diminish engine performance and increase fuel consumption.
The compressor rotating hardware group is made of titanium. The axial stages are conventional titanium blisks and the centrifugal is a high temperature titanium alloy which has been improved in physical properties beyond the Ti1100 and IM1834 family.
An important requirement of the new 2 MW engine and other next generation gas turbine engine compression systems is to significantly increase the cycle pressure ratio with fewer parts, thereby making the compressor more compact, lighter, and more reliable. This need for high efficiency compression systems capable of delivering extremely high stage pressure ratios has led to major advances in the aerodynamic design techniques and material/structural technology necessary to achieve these high levels of compression system performance.
To achieve the performance and weight goals of these compression systems, research and development efforts have been directed at innovative aerodynamic design concepts, advanced aero design methodology, and high strength, lightweight materials and structures.
Innovative Aerodynamic Design Concepts
A number of advanced aerodynamic design concepts have been applied to increase the efficiency and average stage pressure ratio. Some of the concepts yielding significant performance benefits are a) swept shock rotors b) splittered axial rotors c) brush seals d) short axi-centrifugal transition ducts e) swept forward stators, and f) end wall contouring. The first three concepts are discussed in the following paragraphs. The last three concepts are designed during the same CR) analytical process as the first two and are not described here due to the similarity in approach.
Swept Shock Rotor: Higher stage pressure ratios have been achieved by increasing the rotational speed of the airfoils. Higher rotational speeds, however, cause the inlet Mach number to increase with the attendant efficiency penalty associated with a stronger passage shock. One way of reducing the shock strength is to make the shock more oblique (in the spanwise direction) to the flow. During the early 1980s Wennerstrom [3] suggested that the shock could be swept (made oblique) by sweeping back the airfoil leading edge.
This concept is similar to that used in a supersonic, high Mach number, swept back wing. Application of this concept to a compressor airfoil, however, did not show the degree of success observed in a swept wing. This is now known to be attributed to
MTE • T64 T55
the presence of the endwall (case) and the adjacent airfoil (cascade effect) in a compressor rotor, which do not allow the shock structure to follow the airfoil leading edge shape. Therefore, for this concept to work, it was essential to create an aerodynamic body force to nullify the case and cascade effects. This problem has been investigated in detail and a unique design methodology has been established to create such an aerodynamic force for sweeping the shock. An example of the success of this design methodology is illustrated in Figures 3 and 4.
• The test data was taken at 0 and 2 hours at 100 percent speed. The brush seal showed no appreciable degradation in performance. The labyrinth initially showed the same sealing ability as the brush. However, after repeated runs to 100 percent speed, the labyrinth's sealing properties degraded to a level lower than that of the brush seal's. This points out the main advantage of being resilient and hence, still sealing effectively at part speed after being run at high speed, and more importantly, still sealing effectively after hundreds of cycles through the normal operating range.
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Advanced Aerodynamic Design Methods
Although most of the concepts mentioned in Section 3.1 were known for sometime, application of these concepts achieved limited performance gains due to lack of advanced analytical tools. Recent advances in the area of computational fluid dynamics (CFD) have made it possible to successfully implement these concepts.
The primary thrust in the area of CFD has been directed at using 3-D viscous analyses codes and inverse airfoil design methods. The former are used for mapping the three dimensional flow field of single and multiple blade rows, while the latter are used to generate airfoil shapes that can achieve the pre-specified optimum flow distribution on the airfoil suction surface. 
An example of the effectiveness of 3-D viscous analysis is illustrated in
HOT SECTION DESCRIPTION
The engine hot section is composed of a single axial flow annular combustor; a single axial stage, high efficiency, high work gas producer turbine; and a high efficiency two axial stage power turbine. Figure 11 indicates the key features.
COMBUSTOR
Figure 11 -Engine Hot Section
Combustor
The annular combustor is a high space rate, low volume chamber equipped with low pressure air-blast fuel injectors which exhibit a wide ignition capability at all ambient conditions. The fuel injectors are configured to minimize combustor exit temperature hot streaks. Accurate concentricity is assured at the interface where the angular momentum of the air leaving the air swirl passages mix with the fuel spray pattern because the air is included in the same body as the fuel spray nozzle, see Figure 12 . In addition the fuel injectors are straight and precisely perpendicular to the engine casing mounting flanges. Most gas turbine engines have dog-leg fuel injectors or fuel nozzles. The bend which causes fuel spray trajectory variation due to installation rotation, is entirely precluded with these new, straight and perpendicular fuel injectors.
Figure 12 -Straight Fuel Injector
The fuel injectors pass through the compressor diffuser and into the copal region of the combustor dome. The dome is film cooled from beneath the swirler lips and utilizes optimized film hole arrays. These cooling films merge with the inner and outer combustion chamber walls. The chamber walls are composed of discretely cooled rings each having their own film cooling ring. Overall film cooling effectiveness is maintained by the short distance to the next film renewal and by CFD matching of optimal cooling film momentum to swirling, burning gas stream momentum.
In addition, the three dimensional vortical flow CFD analysis included the reaction chemical kinetics to design the burning zone and dilution zones of the combustion system. The result is an efficiency above 99 percent at all flight power levels yielding low exhaust emissions. High efficiency is achieved simultaneously with low combustor pressure drop to further reduce engine fuel consumption. In addition and in spite of the desirably low liner pressure drop, the temperature distribution entering the turbine nozzle has an improved uniformity pattern factor of less than 0.15, for long turbine hardware life. The combustor which resulted is a state-of-the art regeneratively film cooled chamber with a small wall surface area to reaction zone volume. Low wall surface area improves combustor durability and greatly extends service life.
Turbine
The gas producer turbine has fully optimized turbine vane, Figure  13 , and blade shapes, Figure 14 , including blade tip sweep to enhance turbine adiabatic efficiency and control the shock. The turbine nozzle has shaped inner and outer shrouds. This highly efficient flow path geometry was achieved by the use of computational fluid dynamics computer codes employing three-dimensional, viscous analysis as for the compressor. In addition, the high efficiency was obtained with low blade row solidity.
The blade solidity in the compressor has been optimized for aerodynamic and mechanical requirements. The turbine is further constrained to be lower solidity than the compressor. The required flow field turning has been achieved with comparatively few rotating turbine blades. Few blades reduced manufacturing cost and reduced cooling air which must be passed through the turbine serpentine cooling circuits.
Figure 13 -Turbine Nozzle
The high pressure, gas producer turbine not only provides the full compressor work in a single turbine stage but does it for a higher compressor pressure ratio than currently available engines in its class. Currently available engines now utilize two gas producer turbine stages to do a combined work which is less than the work done by the highly advanced single gas producer 
Power Turbine
The power turbine, Figure 11 , has two high tip speed, high aerodynamic efficiency, uncooled blade rows manufactured from superalloy insertable blades and monolithic, superalloy disks. The power turbine incorporates an impingement, film cooled first nozzle vane row with diffusing, curved inner and outer flow channel walls. The second nozzle vane row is composed of uncooled vanes and shrouds which also incorporate all of the advanced aerodynamic main gas path shaping. Both stages have been optimized by detailed analysis utilizing the same viscous computational fluid dynamics computer codes as the high pressure turbine and validated in full scale rig tests. The power turbine configuration is mechanically simple yet highly efficient at cruise power and above. Overall, the power turbine retains many of the previously proven features in its power class.
SUMMARY AND CONCLUSION
THE OVERALL ENGINE HAS ONLY SEVEN ROTATING STAGES, FIVE IN THE GAS PRODUCER AND TWO DRIV-ING THE OUTPUT POWER SHAFT. THE RESULT IS A SIMPLE, LOW PARTS COUNT, COMPACT, LIGHTWEIGHT AND FUEL EFFICIENT ENGINE.
The new 2 MW turboshaft engine is a major benefit for all helicopters in its power class. Considerable growth capability has been designed into the engine described above. In addition, the engine can also be provided in a geared turboprop version for fixed wing or tilt wing and tilt rotor aircraft.
In summary, the new Textron Lycorning 2 MW engine is an important evolutionary result of a decade of technology advancements that have culminated in a new level of engine performance which will be available for helicopter and propeller powered flight vehicles in the second half of the 1990s. The small size, low parts count, low SFC of 0.23 kg/kW hr, high specific power of 400 kW/kg and high specific weight of nearly 10 kW/kg of engine weight have all been combined into a durable engine configured to provide lower operating cost and maintenance than available before. Life cycle cost of ownership has been reduced both for the capital assets as well as for operation and maintenance. Flight radius extensions of thirty percent are now available. In addition, costs are reduced per revenue passenger mile and per cargo ton mile.
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